Antiproton triggered fusion propulsion appears to be a promising method for achieving high specific impulse and high thrust in a nuclear pulse propulsion system. In antiproton triggered fusion systems the antiprotons are injected into a pellet containing fusion fuel with a small amount of fissionable material. The fission fragments resulting from the annihilation of antiprotons are used to trigger a fusion reaction. Initial estimates indicate that if magnetically insulated inertial confinement fusion is used that the pellets should result in a specific impulse of between 100,000 and 300,000 seconds at high thrust. The engineering problems that must be overcome are significant. Among the challenges the most difficult may be the precise focusing of the antiprotons required to generate extremely large magnetic fields. Other challenges include the pellet design necessary to contain the fission and initial fusion products which will also require strong magnetic fields. The fusion fuel must also be contained for a sufficiently long time to effectively release the fusion energy, and the payload must be shielded from the radiation, especially the excess neutrons emitted, in addition to other particles.
I. Introduction
ver the last fifty years nuclear fusion propulsion has been the subject of considerable research. Fusion propulsion promises an extremely high specific impulse (100,000 to 3,000,000 seconds) with some versions possessing high thrust. Most of the research has considered using fusion power reactor designs as the basis for the propulsion system. An excellent summary can be found in Williams and Borowski 1 . The concepts have progressed to the point where design practice guidelines have been proposed for fusion propulsion systems 2 Pulse nuclear propulsion appears closer to reality than magnetic confinement fusion propulsion and with the possibility of high specific impulse together with high thrust it clearly requires serious study. Nuclear pulse propulsion has been the subject of research since the 1950s . Propulsion based on fusion reactor designs though typically have low thrust to mass ratios and hence low accelerations. The thrust to mass ratio would be significantly increased if pulse fusion propulsion systems, in the form of explosive pellets, were developed. The specific impulse would remain high and use could be made of nuclear weapons technology. The pellets though need not contain a critical mass of fissionable material and hence would satisfy the ban on nuclear weapons in space.
propulsion where small critical mass fission devices are ejected from the rear of the rocket. A pusher plate riding on shock absorbers is used to absorb some of the energy from the detonation. The original design called for the absorbed energy to ablate the surface of the pusher plate to provide the thrust for the rocket. Devices that are detonated in an enclosed chamber (i.e., internal pulse propulsion) were also considered 3 . For internal pulse propulsion, ablation was also considered an important process for developing the thrust.
During the 1990s there was renewed interest in external and internal pulse propulsion systems 4, 5, 6 . In these later pulse proposals, the nuclear devices considered are considerably smaller than a critical mass device. The new designs have pellet diameters in the range from 15 cm down to 2 cm in diameter. Detonations can occur using either inertial confinement fusion concepts 1, 7, 8, 9 or a high energy density trigger, such as antiprotons 5 . In inertial confinement fusion systems the compression can be provided using laser beams 7 or particle beams 8, 9 . Smith 5 has shown that it is more effective to annihilate antiprotons in a fissionable material, and then use the energy from the fission reaction to drive the fusion reaction in the pellet. In Smith's original proposal the fuel density was not sufficient to efficiently produce fusion and some compression was required (using ion beams). Combining antiprotons and transient magnetic fields, generated during the annihilation, may lead to a system that requires no compression or heating at all 10 . It is also possible that fissionable material could be used to boost the performance of a fusion propulsion system 11 II. Nuclear Reactions . Important nuclear reactions are reviewed before proceeding to a discussion of the future of nuclear pulse propulsion systems.
Tritium (
Note that the subscripts are the atomic number (nuclear electric charge) and the superscripts are the number of nucleons (total of neutrons and protons). The superscripts and subscripts have the same sum on both sides of the reaction for strong and electromagnetic interactions. The helium nucleus carries off 3.5 MeV in kinetic energy, and since it is charged it can be used for propulsion, by either directing it with electromagnetic fields or by using it to heat a propellant. The neutron carries off 14 MeV in kinetic energy, but the neutron can neither be readily directed by electromagnetic fields, nor can its energy be easily absorbed. The 14 MeV neutron is a radiation hazard that will need to be dealt with but it can also be used to split uranium or plutonium nuclei. This fission reaction can be represented, for example, as 1 2
where X represents fission fragments. These fragments carry off more than 140 MeV in kinetic energy. 
is 239. Photons, , in the form of X-rays carry off the remaining energy released in the reaction. The neutrons emitted in this first level fission reaction can induce second level fission reactions, but now the number of neutrons emitted is smaller. The reaction can still be written as .
For this lower energy reaction two nuclear fragments are emitted, as before, but now b 0 is about 2.7. It is important to note that in reactions (2) and (3) the nuclear fragments are usually neutron rich and, hence, radioactive. The neutrons emitted by the fission or the fusion reaction can also be used to breed tritium. When lithium-6 absorbs a neutron it has a high probability of splitting into a tritium nucleus and a helium-4 nucleus according to 
This reaction is useful since lithium-6 is easier to handle and store than tritium, but the added mass of the lithium nucleus tends to reduce the specific impulse of the pellet. Also the reaction cross-section is small which will require either larger pellets or compression. A more complete discussion of the use reactions (1) through (4) can be found in references 11 and 12.
In this paper we will also be considering antiproton annihilation in heavy nuclei. When antiprotons annihilate on the surface of a fissionable nucleus, such as uranium or plutonium, the nucleus splits into two lighter nuclei and many neutrons . The energy from the mass annihilation of the antiproton and a nucleon (a proton or a neutron) in the nucleus is large enough to release between 12 and 18 neutrons. An important feature of the annihilation is that most of the fission fragments are not neutron rich and, hence, are not radioactive. The key idea is to use the kinetic energy of the fission fragments to heat the fusion fuel, and therefore the fission fragments must remain trapped long enough to transfer their kinetic energy.
If the antiproton annihilates against a proton in a U-238 nucleus the reaction can be written as .
Generally pions ( ) are emitted in the annihilation and many of these are reabsorbed in the nuclear fragments. Note that the pions have zero for a nucleon number and are charged either positive ( 
III. Nuclear Pulse Fusion Propulsion
.
Nuclear pulse propulsion has been proposed in various forms since the 1950s. Systems examined were: 1) critical mass pulse propulsion systems, 2) non-critical mass pulse propulsion systems and 3) contained pulse systems.
A. Critical Mass Systems
Nuclear pulse propulsion was first proposed by Stanislaus Ulam in 1946 13 . Ulam considered both contained explosions (an internal nuclear pulse propulsion system) and external pulse systems. By the mid-1950's it was clear that external pulses acting on a plate with shock absorbers would result in the best performance 13 . Of these, the Orion vehicle concept was developed in considerable detail 14 . A thorough technical discussion on Orion, with references, can be found in Martin and Bond 8, 9 . Fission bombs were usually considered. The first few detonated would be small -around 0.1 kilotons. They would gradually increase in energy with the last having a yield of about 20 kilotons. The mass of the propulsion system was about 91 metric tons and the thrust was near 32x10 6 N. The specific impulse averaged around 2500 seconds. But the specific impulse could have been as high as 10,000 seconds depending on the yield of the weapons and the design of the pusher plate. Solem 15, 16 B. Non-Critical Mass External Pulse System has recently proposed a variation in which the pusher plate and shock absorbers were replaced by a parachute and cords respectively. His vehicle design, Medusa, has a predicted specific impulse of 13,800 seconds to 43,500 seconds and average thrust-to-weight of 0.003 to 0.030.
In both Medusa and Orion greater performance can be obtained by using critical mass fission devices to trigger a fusion reaction. There is little doubt that some version of critical mass pulse propulsion will work, but the ban on the use of nuclear weapons in space means that methods other than those using a critical mass for igniting the nuclear reactions must be found.
In 1978 the British Interplanetary Society completed a landmark study on an interstellar spacecraft to reach Barnard's at 6 light years from the sun 8, 9 . The vehicle used a pulse fusion propulsion concept that did not require a critical mass of fissionable material. The vehicle consisted of two stages and used an inertial confinement fusion system for propulsion with deuterium-helium-3 pellets as the fuel. The pellets were compressed using relativistic electron beams. The specific impulse for each stage was close to one million seconds. The first stage fired for 2 years and the second for 1.75 years. The final velocity was 0.128 times the speed of light.
The final mass of the proposed design was 931 metric tons. The initial first stage mass was 50,000 metric tons, and the initial first stage thrust was 7.x10 6 N. The second stage thrust was set at 0.66x10 6 C. Contained Systems N. Most of power (about 700 GW) and a considerable mass (at least 140 tons) were needed for the compression subsystem. Only a preliminary weight and power study was conducted.
The Daedalus study considered a spacecraft propulsion system well beyond current technology. The primary problem was igniting the fusion reaction. For smaller velocity missions the compression system will occupy a larger fraction of the mass and power requirements, and, in fact, will dominate the vehicle mass. Alternatives to compression, without a critical mass of fissionable material present, would have a considerable impact on the system requirements and this remains the primary engineering challenge in inertial confinement fusion pulse propulsion. The Medusa vehicle solves the problem of the mass associated with the compression system and eliminates the need to use energy form the fusion reaction to drive the compression system, but cannot be considered since it is a critical mass system. Contained systems are a third class of nuclear pulse propulsion system and are conceptually easier to develop. They were dropped because of their poor performance 2, 13 . Parlos and Metzger 17 though resurrected the idea of contained nuclear pulse propulsion. They noted that a containment vessel, using newly developed materials, can be constructed that will have a sufficient fatigue life when a nuclear weapon is detonated inside. Their concept had a specific impulse of 1200 seconds and a thrust-to-weight ratio of up to ten. A later design 18 
IV. Magnetically Insulated Inertial Confinement Fusion Systems
demonstrates that it may be possible to design a contained system that can achieve a specific impulse of 3,800 seconds and a thrust-to-weight ratio of 30. Although advanced materials have significantly improved the performance of contained systems over the last forty years, they are, and will remain, the primary factor limiting the performance of internal pulse propulsion systems. The proposal by Parlos and Metzger use critical mass devices and hence does not satisfy the nuclear test ban treaty.
Hence we can conclude that solution to the problem of igniting a pellet without a critical mass of fissionable material and without the high mass and energy of external compression is the major impediment to making nuclear pulse propulsion a reality.
Critical mass systems (internal or external) and compression systems both appear unlikely to be developed in the near future, but other technologies may be able to make fusion propulsion a reality. One of these is MICF (Magnetically insulated Inertial Confinement Fusion) first proposed by Kammash 19, 20 . In MICF propulsion containment is aided by intense transient magnet fields created when the surface of a solid is heated by a high power laser. At the focus ions and electrons will be emitted from the surface. The electrons, because of their small mass are moving considerably faster generating a net negative current flow for a very short time as illustrated in Figure 1 . The magnetic fields can be as high as ten million gauss and will impede the flow of the plasma. If a fusion fuel is ionized then the temperature and density may be high enough, long enough, to initiate a fusion reaction.
Propulsion systems based on MICF can have a specific impulse as high as 175,000 sec at low thrust. The vehicles would still be massive, and the laser, with its power system, would be a significant fraction of the mass of the vehicle.
In an effort to remove the mass of the laser system Kammash and Galbraith 21 proposed using antiprotons to create the plasma instead of a high energy laser. Unfortunately, the energy transfer to the fusion fuel was inefficient, and a large mass of antiprotons was required. But the system did completely remove the mass associated with the laser heating and replace it with a considerably smaller mass of the antiproton containment system and the antiproton delivery system. A final problem with MICF is the radiation from the excess neutrons that will be produced in a tritium-deuterium reaction. Shielding will be required for the crew and sensitive electronic equipment. Ablation shields have been proposed as a possible solution, but probably will not provide any significant increase in the thrust 22 . In fact, analyses indicate 22 that because the maximum temperature is below the surface of the shield (see Figure 2 ) the mass of shielding would be significantly larger than for a normal ablating re-entry vehicle since all the material from the maximum temperature to the surface will be lost. Hence, shielding the payload from the neutrons emitted in a deuterium-tritium system probably cannot be solved using ablation, and other solutions should be investigated. This problem also has a bearing on the use of ablation in external and internal nuclear pulse propulsion systems. Thrust cannot be provided by ablation since the absorbing material will come off in finite thickness segments and hence will move away at low velocity resulting in a low specific impulse.
V. Antiproton Triggered Systems
In 1990 Gerry Smith and his colleagues at Pennsylvania State University 5, 23 described an ingenious proposal using antiprotons to initiate a sub-critical mass fission reaction. The antiprotons would be injected into a pellet containing plutonium and fusion fuel. Each annihilation reaction that occurs in the nucleus of a fissionable material will result a single nuclear fission reaction, but the products of the fission reaction could be used to heat fusion fuel.
A schematic of a pellet using antiprotons to initiate the fusion reaction is shown in Figure 3 . One fission reaction is induced in the chip of U-235 for each antiproton injected. Very few additional fission reactions occur from the neutrons released in the fission 12 . The fusion fuel between the chip and the core is ionized and enters the core. The fusion reaction then proceeds through fusion fuel (deuterium and tritium in this case) to the outer shells of uranium and tungsten. These shells primarily provide mass to keep the fusion fuel contained long enough so that 5-10% of the fusion fuel will react. For a pellet 2 cm in diameter and shells about 0.1 mm thick we estimate that between 5% and 10% of the fuel will react according the reaction (1). This would result in an ideal specific impulse of between 100,000 and 300,000 seconds 10 . The uranium shell would not only provide inertia but would also occasionally split by absorbing the fusion neutrons to provide additional high speed particles to contribute to the specific impulse and to the compression of the fusion fuel. Combining the concept of MICF with the antiprotons to trigger a sub-critical mass fission reaction may remove any need to compress the pellets 10 and result in a significant decrease in mass. Since, it is difficult to predict the exact extent of the fusion reaction, the pellet may have to be increased from a 2 cm diameter to possibly as large as 30 cm. In order to determine the exact extent of the reaction it will be necessary to perform accurate plasma dynamics simulations. These simulations would also provide guidance for the development of a magnetic nozzle to direct the charged exhaust products. This approach may also require significant quantities of antiprotons (between 10 11 and 10 13 for each pellet), and, hence, more efficient antiproton production techniques may have to be developed than are currently available 24 . The key to the performance of MICF is the generation of strong transient magnetic fields in the core of the pellet. The strength of these fields depends on the size of the spot where the annihilations occur, with a smaller spot producing larger field strengths. Hence the dispersion of the antiprotons as they enter the pellet is important. To keep the focus sharp without the need for the hole it should be possible to tune the incoming antiproton energy to a precise energy that will make the shells of metal and fuel nearly transparent to the injected antiprotons 25 , but accurate simulations or careful experiments need to be performed. Research needs to be performed to determine the transmission spectra of the pellet constituents to antiprotons for various injection energies for this technique to be used effectively.
If the fusion of deuterium and tritium is considered, it may be advantageous to add fissionable material to use the neutrons given off in the fusion reaction 11, 12 . By adding uranium-238 to the pellet the neutrons generated from the fusion of deuterium and tritium that are released will be sufficient to split the uranium. It should also be noted that the high density of uranium would also help to contain the explosion. Finally, it may be possible to use lithium-6 to generate tritium. This would completely remove the need to store the pellets at cryogenic temperatures. These additions would significantly increase the design space for pellet configurations. A schematic of such a pellet is shown n Figure 4 . Note that the antiprotons are assumed to be tuned to a transmission energy and that the tamper is now uranium-238 with an explosive to help contain the plasma. The pellet in Figure 4 is more massive than the pellet in Figure 2 and hence would have a lower specific impulse unless the fuel fraction is increased. Analyses of hybrid pellet designs indicate that pellets on the order of 2 cm in diameter will probably require additional compression 12 
VII. Conclusion
, but sizes approaching 20 cm probably will not. Accurate simulations of the performance of a hybrid pellet will have to be performed to determine if there is any advantage to using lithium to generate tritium.
Finally there is the problem of neutron radiation damage. Shielding based on ablation will not be effective, but there are two possible solutions: 1) the neutrons could be used with lithium to generate the tritium as in a hybrid reaction, or 2) the higher energy fusion generated neutrons could be used to split a fissionable nucleus and turned into lower energy neutrons that require a smaller shielding mass.
Nuclear pulse propulsion holds the promise of high specific impulse with high thrust, but there are formidable engineering obstacles that must be overcome before it can become a reality. Pulse nuclear propulsion based on critical mass devices cannot satisfy the ban on nuclear weapons in space, but using nuclear weapons technology smaller devices that do not contain a critical mass of fissionable material can certainly be developed. Inertial confinement fusion using lasers or relativistic ion, or electron, beams for compression is one approach that does not depend on nuclear weapons technology, but the technology is complex and requires extremely accurate compression and extremely large power supplies. Much more important is the fact that the inertial compression system would dominate the mass of an inertial propulsion system. Magnetically insulated inertial confinement fusion (MICF) is a lightweight approach that could generate extremely high transient magnetic fields and these fields could be used to help to contain the fusion plasma. If lasers were used they would require large power supplies and hence would add a significant mass to he propulsion system, although it would be less than the mass requirements for an inertial confinement system. The mass of the lasers could be entirely removed if antiprotons were used to ignite a fusion reaction. The storage and delivery system would clearly be less massive than either a laser driven MICF system or a beam compression inertial confinement system. The annihilation energy generated can be effectively used if the antiproton is annihilated on a fissionable nucleus (e.g., uranium). The fission fragments could then be used to heat the fusion fuel. The problem here is the propagation of the fusion reaction through the pellet. It must last long enough for at least five percent of the fuel to fuse. This is the key question that must be answered. A second question is the size of the focal spot that will result from the injected antiprotons, which must remain small for sufficiently strong magnetic fields to be generated. It may be possible to precisely tune the antiproton energy to a transmission resonance so that the antiprotons annihilate precisely at a predetermined spot. Research needs to be performed to determine the transmission spectra of the pellet constituents to antiprotons. Finally there is the problem of neutron radiation damage. There are two possible solutions: 1) the neutrons could be used with lithium to generate the tritium or 2) the higher energy fusion generated neutrons could transformed into lower energy neutrons through fission that require a smaller shielding mass.
